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Abstract

Purpose We sought to determine the effects of heat acclimation on endurance exercise-induced hepcidin elevation under
hot conditions.

Methods Fifteen healthy men were divided into two groups: endurance training under hot conditions (HOT, 35 °C, n=28)
and endurance training under cool conditions (CON, 18 °C, n=7). All subjects completed 10 days of endurance training
(8 sessions in total), consisting of 60 min of continuous exercise at 50% of maximal oxygen uptake (VO,,,,) under their
assigned environment condition. Subjects completed a heat stress exercise test (HST, 60 min exercise at 60% VO, ,,.) to
evaluate the exercise-induced thermoregulatory and hepcidin responses under hot conditions (35 °C) before (pre-HST) and
after (post-HST) the training period.

Results Core temperature during exercise in the post-HST decreased significantly in the HOT group compared to pre-HST
(P=0.004), but not in the CON group. The HOT and CON groups showed augmented exercise-induced plasma interleukin-6
(IL-6) elevation in the pre-HST (P =0.002). Both groups had significantly attenuated increases in exercise-induced IL-6 in
the post-HST; however, the reduction of exercise-induced IL-6 elevation was not different significantly between both groups.
Serum hepcidin concentrations increased significantly in the pre-HST and post-HST in both groups (P=0.001), no significant
difference was observed between both groups during each test or over the study period.

Conclusion 10 days of endurance training period under hot conditions improved thermoregulation, whereas exercise-induced
hepcidin elevation under hot conditions was not attenuated following the training.
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Introduction

Iron deficiency (ferritin < 20 ng/mL) is frequently observed
among endurance athletes, and reduces endurance capac-
ity (Beard and Tobin 2000; Eliakim et al. 2002; Sim et al.
2019). Although several factors have been suggested to
explain iron deficiency, iron loss through exercise training
(Mclnnis et al. 1998; Babic et al. 2001; DeRuisseau et al.
2002) and insufficient dietary iron intake (Hinton 2014)
strongly affect higher risk of iron deficiency. In addition
to the above factors, previous studies proposed that post-
exercise increases in the iron regulatory hormone, hepci-
din, may alter iron metabolism post-exercise (Peeling et al.
2009a, b; Sim et al. 2019). Hepcidin is a peptide hormone
that has a negative effect on iron metabolism (Nemeth
et al. 2004b). Elevated hepcidin concentrations suppress
the absorption of dietary iron in duodenal enterocytes and
iron recycling by macrophages (Nemeth et al. 2004b. Hep-
cidin secretion has been suggested to be upregulated by
exercise-induced elevation of interleukin-6 (IL-6) (Peel-
ing et al. 2009a; Nemeth et al. 2004a), hemolysis (Peeling
et al. 2009b), and normal to higher iron status (Peeling
et al. 2014). Furthermore, as hepcidin is synthesized pri-
marily by hepatocytes, it was recently suggested that a
reduction of the liver glycogen level may be related to
hepcidin production (Vecchi et al. 2014; Badenhorst et al.
2015, 2019).

Approximately 5-14 days of repeated heat exposure
during endurance exercise induces heat acclimation
(HA), which is associated with several specific adapta-
tions, including plasma volume (PV) expansion, increased
sweating rate and skin blood flow, and lower body temper-
ature and cardiovascular strain during exercise under hot
conditions (Périard et al. 2015, 2016). Moreover, carbohy-
drate (CHO) metabolism during endurance exercise under
hot conditions appears to be altered after HA (Febbraio
et al. 1994, 2001). Febbraio et al. (1994) reported that
HA reduced muscle glycogen utilization and attenuated
plasma catecholamine elevation during endurance exercise
under hot conditions compared with before HA. As greater
muscle glycogen utilization during exercise enhances IL-6
elevation (Keller et al. 2001; Steensberg et al. 2001), exer-
cise-induced IL-6 elevation under hot conditions may also
be attenuated after HA. Furthermore, HA augments the
expression of heat shock protein 72 (HSP72), which exerts
anti-inflammatory effects by blocking nuclear factor-kB
activation (Ghosh et al. 1998; Lee and Thake 2017). Lee
and Thake (2017) investigated the influence of HA on the
baseline HSP72 level and exercise-induced IL-6 elevation
under hot conditions; 10 days of HA augmented the base-
line plasma HSP72 level and attenuated exercise-induced
plasma IL-6 elevation under hot conditions compared to
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the same exercise before HA. Therefore, exercise-induced
hepcidin elevation under hot conditions may be attenuated
after HA due to the reduction of post-exercise IL-6 con-
centrations. Moreover, a previous study has investigated
the influence of a single session of endurance exercise
under a hot condition (35 °C) on IL-6 and hepcidin eleva-
tions. The results showed that endurance exercise under
the hot condition augmented IL-6 elevation, whereas
hepcidin elevation was not different compared with same
exercise under the neutral condition (Mckay et al. 2021).
However, the effects of HA on exercise-induced hepcidin
elevations remains unclear. Endurance training under hot
conditions (i.e., HA training) is a well-established method
to improve thermoregulatory capacity and endurance per-
formance (Lorenzo et al. 2010; Tyler et al. 2016; Saunders
et al. 2019; Waldron et al. 2021), and is widely accepted
as a useful form of training among various types of endur-
ance athletes. A better understanding of hepcidin activ-
ity in association with iron metabolism is important, as
endurance athletes commonly incorporate several days of
endurance training under hot conditions into their training
schedule (i.e., training camps).

The present study was performed to examine the effects
of HA on endurance exercise-induced hepcidin elevation
under hot conditions compared to the same training under
cool conditions. We hypothesized that HA would attenuate
endurance exercise-induced hepcidin elevation under hot
conditions.

Methods
Subjects

For determination of sample size, we referred to previous
studies that demonstrated large effects of thermoregula-
tory adaptations (e.g., reduction of core temperature dur-
ing endurance exercise under hot conditions) after sev-
eral days of HA (Travers et al. 2020; Gerrett et al. 2021).
Moreover, the present study was conducted over a relatively
short period (i.e., December to January), to avoid potential
effects of seasonal HA and completion of all training ses-
sions. Furthermore, as a result of the strict limitation on
the number of subjects in the environmental chamber due
to the COVID-19 pandemic, we recruited 15 unacclimated
subjects as the minimal sample size. The mean + stand-
ard deviation (SD) for age, height, and body mass were
23 +2 years, 170.8 +7.2 cm, and 66.6 + 9.4 kg, respectively.
All subjects were physically active and had been involved in
recreational resistance exercise or endurance exercise. They
were informed of the experimental procedures and possible
risks involved in this study, and provided informed consent.
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The present study was approved by the Ethics Committee
for Human Experiments at Ritsumeikan University (BKC-
IRB-2021-014), and was conducted in accordance with the
Declaration of Helsinki.

Experimental design

After the maximal oxygen uptake (VO,,,,,) test, subjects
were divided into two groups: endurance training under hot
conditions [HOT, 35 °C, 50% relative humidity (RH), n=28]
and endurance training under cool conditions (CON, 18 °C,
50% RH, n=7). All subjects completed 10 days of endurance
training (8 sessions in total), consisting of 60 min of continu-
ous exercise at 50% of VO, ., under their assigned environ-
ment condition. As shown in Fig. 1, subjects performed the
heat stress exercise test (HST) before and before and the
day following the completion of the endurance training to
evaluate the exercise-induced thermoregulatory response
under hot conditions (35 °C, 50% RH). Blood samples were
collected before and after HST to determine changes in the
exercise-induced serum hepcidin level, plasma IL-6 concen-
tration, and other blood variables.

Heat stress test

Before and the day following the completion of the endur-
ance training, subjects arrived at the laboratory at 09:00 after
an overnight fast, and rested for 20 min before baseline blood
drawing and rectal temperature (7,..) measurement. After
completing baseline measurements, subjects started the HST
to evaluate changes in exercise-induced thermoregulatory
and hepcidin responses. HST consisted of 60 min of endur-
ance exercise under hot conditions (35 °C, 50% RH) using a
cycle ergometer (Aerobike 75XLIII; Konami Corp., Tokyo,
Japan). The exercise intensity was set at 60% of VO, ...,
which was sufficient to evoke exercise-induced plasma IL-6
and serum hepcidin elevations under hot conditions (Hayashi
et al. 2020). During HST, T,.., mean skin temperature (T)
and heart rate (HR) were recorded every 1 min. Thermal
sensation (TS) and rate of perceived exertion (RPE) were
measured at the end of HST. Before and immediately after
HST, body weight was evaluated to calculate the total sweat
volume. After completing HST, the subjects rested on a chair

for 3 h under thermoneutral conditions (23 °C, 50% RH).
Blood samples were collected before, immediately after, and
1 and 3 h after completing the exercise.

Training protocols

During endurance training period (days 2—-11), all training
was conducted using a cycle ergometer (Aerobike 75XLIII;
Konami Corp.) in an environmentally controlled chamber.
To prevent the development of training-induced fatigue,
there were 2 designated rest days (days 6 and 7) during the
training period (Fig. 1). In each training session, the subjects
performed 60 min of endurance exercise at 50% of VO, ...
in the HOT (35 °C, 50% RH) and CON (18 °C, 50% RH)
groups. During the daily 60 min of endurance training, all
subjects consumed 500 mL of water to avoid severe dehy-
dration. The 7., HR, TS, RPE, and total sweat volume data
at the end of exercise were collected on days 2, 5, and 11
during endurance training.

Measurements
Maximal oxygen uptake (preliminary measurement)

The VO, test was conducted under cool conditions
(18 °C, 50% RH). The test began at 1.0 kp, and the load was
increased progressively in 0.5 kp increments every 2 min
until exhaustion (60 rpm). During the test, expired gases
were collected and analyzed using an automatic gas ana-
lyzer (AE300S; Minato Medical Science Co., Ltd, Tokyo,
Japan). The respiratory data were averaged every 30 s. HR
was measured continuously during the test using a wire-
less HR monitor (Accurex Plus; Polar Electro Oy, Kempele,
Finland).

Measurements on HST

Thermoregulatory variables, rate of perceived exertion,
and thermal sensation

T,.. was measured using a wired rectal thermistor (ITPO10-
11; Nikkiso Therm Co., Ltd., Tokyo, Japan) inserted to a
depth of 10 cm beyond the anal sphincter. T, was measured
at four sites (chest, arm, thigh, and calf) using probe-type

ET ET ET ET

Rest

Rest ET ET ET ET

Fig. 1 Overview of the study design. ET endurance training under either hot or cool conditions, HST heat stress test
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thermometers (NK543; Nikkiso Therm Co., Ltd.) and the T
was calculated using the following equation (Ramanathan
1964):

Mean skin temperature = 0.3 X (chest + arm) + 0.2 X (thigh + calf).

T, was measured halfway between the nipple and clavi-
cle for the chest, at 60% of the distance between the acro-
mion and elbow for the arm, halfway between the greater
trochanter and knee for the thigh, and at 30% of the distance
between the knee and lateral malleolus for the calf. T,.. and
T, were monitored at 0.5 Hz throughout the experiment
using a data logger (N543; Nikkiso Therm Co., Ltd.) and
recorded every 1 min before HST (rest 7,..) and during
HST. The increase in T}, (AT,,.) during HST was calculated
by subtracting T, at rest from the peak T, value during
60 min exercise as an index of heat storage in the body. HR
was recorded every 1 min during HST, and the average value
during the last 1 min (59-60 min) of HST was determined.
The subjects indicated their RPE on a scale of 0 (none at
all) to 10 (maximal exertion) (Wilson and Jones 1991), and
TS on a scale of 1 (very cold) to 10 (very hot) (Zhang et al.
2004) at the end of HST. Total sweat volume during HST
was calculated from the change in body weight after exercise
compared to before exercise.

Blood variables

The subjects came to the laboratory at 09:00 following an
overnight fast, and after a 20 min rest, a polyethylene cath-
eter was inserted into an antecubital vein to obtain a base-
line blood sample. Blood samples were collected before, and
immediately, 1 h, and 3 h, after completing the 60 min exer-
cise. All blood samples for determination of blood hemo-
globin (Hb) concentration and hematocrit (Hct) level were
collected using a 2.5-mL syringe containing heparin to cal-
culate changes in plasma volume (PV). Blood was collected
using a 10-mL syringe, and serum and plasma samples were
obtained by centrifugation for 10 min at 3.000 rpm (4 °C)
followed by storage at — 80 °C until analysis.

Blood glucose, lactate, serum iron, ferritin, hepcidin,
plasma IL-6 concentration, and blood gas variables were
measured in the obtained blood samples. Blood glucose
and lactate concentrations were measured using a glucose
analyzer (FreeStyle; Nipro Co., Osaka, Japan) and a lactate
analyzer (Lactate Pro; ARKRAY Co., Kyoto, Japan) imme-
diately after blood sample collection. The serum iron and
ferritin concentrations were measured at a clinical labora-
tory (SRL Inc., Tokyo, Japan). The intra-assay coefficients
of variation were 2.2% and 1.3% for serum iron and ferritin
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concentrations, respectively. Serum hepcidin concentrations
were analyzed with an enzyme-linked immuno-sorbent assay
(ELISA) kit (R&D Systems, Minneapolis, MN, USA), and
the intra-assay coefficient of variation was 4.5%. The plasma
IL-6 concentration was measured with an ELISA kit (R&D
Systems), and the intra-assay coefficient of variation was
2.1%. All samples for hepcidin and IL-6 measurement were
analyzed in duplicate, and the average values were deter-
mined. Blood Hb concentration and Hct level were analyzed
with an automatic blood gas analyzer (OPTI CCA TS; Sys-
mex Co., Kobe, Japan). These analyses were completed
within 15 min after collecting blood, and samples were put
on ice until analysis. The changes in PV from baseline were
calculated using the Dill and Costill equation (Dill and Cos-
till 1974), as follows:

APV (%) =
100 X [(Hb,, /Hb,) X (100 — Het,o ) /(100 — Het,. ) — 1].

where Hct is hematocrit (in %) and Hb is hemoglobin (in
g/dL).

Measurements during the training period (days 2, 5,
and 11)

Physiological responses and rates of perceived exertion
and thermal sensation during endurance training

T,.. and HR were recorded every 1 min during exercise,
and the average values during the last 1 min (59-60) of the
60 min exercise period were determined. RPE and TS were
collected at the end (last 1 min) of 60 min of endurance
training. Total sweat volume during exercise was calculated

from changes in body weight before and after exercise.

Statistical analysis

Data are expressed as means + SD. Two-way repeated-
measures [one between- (group) and two within- (training
period) subjects factors] analysis of variance (ANOVA) was
used to test for significant effects of exercise training on the
variables in each group. Similarly, three-way [one between-
(group) and two within- (training period and time) subjects
factors] ANOVA was used to test for any significant effects
of exercise training on blood variables in each group, at any
time point during HST. When ANOVA revealed a signifi-
cant interaction or main effect, the Tukey—Kramer test was
performed as a post hoc analysis. In all analyses, P <0.05
was taken to indicate statistical significance.
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Results
VO, .., and pedaling workload

There was no difference in VO, ., before the training period
between the two groups (CON: 47.7 +4.0 mL/kg/min, HOT:
49.3 + 8.0 mL/kg/min). Consequently, the pedaling work-
loads during training (CON: 1.7+0.2 kp, HOT: 1.8 +0.4
kp) and HST (CON: 2.2+0.2 kp, HOT: 2.4+0.5 kp) were
not different between the two groups.

Table1 T, HR, RPE, TS and total sweat volume responses during

rec?
training period

Day2 Day5 Dayl1

Peak T,,. (°C)

CON 37.96+£0.12  37.92+020  37.89+0.22

HOT 38.30+0.32° 38.33+0.27° 38.13+0.24%°
HR (bpm)

CON 131+7 128+ 12 126+ 10

HOT 155+16° 151£14° 148 +16*°
TS

CON 3+1 3+1 2+1

HOT 7+2° 6+1° 610
RPE

CON 4+2 1 3+1

HOT 6+2° +1° 5+1%°
Total sweat volume

(kg)

CON —044+0.15 —041+0.15 —0.38+0.38

HOT —0.74+0.36° —0.81+0.31° —0.83+0.30°

Values are mean + SD. Variables in table were peak values during 60
min of training session on each day
Significant difference versus Day2

bSignificant difference versus CON

Thermoregulatory variables, RPE, and TS
during the training period

Table 1 shows the peak T, HR, TS, RPE, and total sweat
volume during endurance training in HOT and CON
groups (on days 2, 5, and 11). The peak T,.. (P=0.046),
HR (P=0.003), TS (P <0.001), RPE (P=0.007), and total
sweat volume (P=0.008) were significantly higher in the
HOT group than the CON group throughout the training
period. Moreover, the HOT group showed reductions in peak
T,.. (P=0.031), HR (P=0.001), TS (P=0.013), and RPE
(P=0.005) on day 11 compared to day 2, with no significant
interaction of training period X group for any variable.

Thermoregulatory variables, RPE and TS during HST

Table 2 shows changes in T, (rest and peak), AT,.., Peak
Ty HR, RPE and TS during HST. The T, at rest did not
change significantly before and after training in either group
(P=0.073), and there was no significant main effect of
group (P=0.707) or a training period X group interaction
(P=0.434). After the training period, peak 7. (P=0.004)
and AT,.. (P=0.040) decreased significantly in the HOT
group in comparison to before the training period, but the
CON group showed no such effect. However, we found no
significant main effect for group (peak 7'..: P=0.703, AT,
P =0.628) and no significant training period X group interac-
tion (peak T,..: P=0.114, AT,..: P=0.236). The peak T,
during exercise did not change before and after the training
period in either group (P =0.412). Moreover, we found no
significant main effect for training period (P =0.625) and
no training period X group interaction (P =0.352). HR at
the end of HST decreased significantly in both groups after
the training period (P <0.001), and there was no significant
main effect for group (P=0.996) and no significant train-
ing period X group interaction (P =0.660). The HOT group
showed reductions of TS (P=0.049) and RPE (P =0.027)

after compared to before the training period. However,

Table2 T, Ty, HR, TS and

Jrecr “ske Before After Before After

RPE during HST before and

after the training period Rest T, (°C) 36.94+0.27 36.78+0.22 36.93+0.32 36.87+0.18
Peak T,.. (°C) 38.86+0.45 38.44+0.42° 38.65+0.37 38.50+0.34
AT, (°C) 1.92+0.61 1.66 +0.42? 1.71+0.42 1.63+0.45
Peak T, (°C) 35.03+0.50 35.01+0.52 34.62+0.50 34.84+1.00
HR (bpm) 178 +1 170 +12 178 +5 169 + 6
TS 8+2 7+2% T+1 T+x1
RPE 8+2 6+2° 7+1 T+2

Values are mean + SD
Peak T,

subtracting 7,

rec

Significant difference versus Before

T, and HR was average value during the last 1 min of HST. AT,

during HST was calculated by

eC

at rest from the peak 7, value. TS and RPE were collected at the end of HST
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no significant main effect for group (TS: P=0.852, RPE:
P =0.934) or training period X group interaction (TS:
P=0.566, RPE: P=0.432) was observed.

After the endurance training, blood Hb concentrations
(P=0.015) at baseline decreased significantly in the HOT
group (pre-HST: 14.9+0.7 g/dL, post-HST: 14.2+0.6 g/
dL) compared with before the endurance training, but the
CON group showed no such effect (pre-HST: 14.6+1.2 g/
dL, post-HST: 14.2+0.9 g/dL). The HOT group had signifi-
cant reductions (P=0.015) in hematocrit value at baseline
(pre-HST: 44.5 +2.0%, post-HST: 42.8 +1.7%), but this was
not seen in the CON group (pre-HST: 43.8 +3.5%, post-
HST: 42.7+2.5%). There was no significant main effect
for training period X group interaction (Hb: P=0.416, Hct:
P=0.554). After the training period, the HOT group had
increased PV at baseline (7.7% +7.2%) of the post-HST
(P=0.016) compared to baseline at pre-HST, but this
was not seen in the CON group (4.6% +9.9%). However,
no significant main effect of group (P=0.501) or training
period X group interaction (P =0.501) was observed. Fur-
thermore, exercise-induced PV change (data not shown)
with HST did not differ before and after the training period
(P=0.457) in both groups, with no significant main effect
for group (P=0.395) or training period X group interaction
(P=0.831). Total sweat volume (data not shown) during
exercise did not change before and after the training period
in either group (P=0.618), and there was no significant
main effect of group (P=0.599) or training period X group
interaction (P =0.130).

Blood variables

Table 3 shows the changes in blood lactate, glucose,
plasma IL-6, serum iron, and ferritin concentrations during
HST. Blood lactate concentrations increased significantly
after exercise in both groups (P < 0.001). However, there
was no significant difference in exercise-induced blood
lactate elevation before and after training (P =0.176) in
either groups, and there was no significant main effect
for group (P=0.671) or training period X group interac-
tion (P =0.831). Blood glucose concentrations decreased
significantly after exercise in both groups (P =0.002).
However, there was no significant main effect of train-
ing period (P =0.534) or training period X group interac-
tion (P =0.343). Before the training period, plasma IL-6
concentrations were significantly elevated immediately
after HST in both the HOT and CON groups (P =0.002).
However, the exercise-induced plasma IL-6 elevations
were attenuated after the training period in both groups
(P=0.012), although we found no significant main effect
of group (P =0.564) or group X training period interaction
(P=0.250). The HOT and CON groups showed increased
serum iron concentrations during the post-exercise period
(P=0.003). However, we found no significant main effect
of training period (P =0.159) or training period X group
interaction (P =0.509). The serum ferritin concentrations
at baseline were significantly reduced after the train-
ing period in both groups (P =0.015), and there was no
significant main effect of group (P =0.798) or training
period X group interaction (P =0.918).

Table 3 Changes in blood

. . HOT CON
variables during HST before
and after the training period Pre Post 0 h Post 3 h Pre Post 0 h Post 3 h
Lactate (mmol/L)
Before 1.8+0.4 3.0+1.3% - 1.6+0.4 29+0.7 -
After 1.7+0.4 25+1.0° - 1.5+ 2.5+0.6 -
Glucose (mg/dL)
Before 83+6 81+12° - 85+7 76+7* -
After 86+5 83+6° - 84+7 757" -
IL-6 (pg/dL)
Before 0.51+0.36 1.94 +0.64° - 0.29+0.13 1.47+0.39° -
After 0.45+0.26 0.96 +0.50° - 0.24+0.16 0.86+0.24° -
Iron (ug/dL)
Before 113 +40 124 +42 141 +37% 130+18 173 +£27% 158 +25%
After 137+39 143 +44 154 +28 * 149+ 60 16776 * 165 +53*
Ferritin (ng/mL)
Before 105 +53 - - 99 +36 - -
After 85+47° - - 80+37° - -

Values are mean + SD
Significant difference versus Pre

®Significant difference versus Before at the same time point
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Fig.2 Serum hepcidin concentrations presented as mean values (a)
and individual values (b). Mean+SD. *Significant difference versus
pre-exercise (Pre)

As shown in Fig. 2, the serum hepcidin concentra-
tions increased significantly 3 h after HST in both groups
before and after the training period (P <0.0001). However,
we found no significant main effect for training period
(P=0.152) and no training period X group interaction
(P=0.899). When the exercise-induced elevation of serum
hepcidin concentrations was plotted individually, no outlier
was observed among 15 subjects.

Discussion

The present study was performed to examine the effects of
HA on endurance exercise-induced hepcidin elevation under
hot conditions. The results showed that 10 days of endur-
ance training under hot conditions improved thermoregula-
tion, whereas exercise-induced hepcidin elevation under hot
conditions was not attenuated following the training period.

After two weeks of HA training, T, was lower during
HST in the HOT group but not in the CON group. Further-
more, the HOT group showed increased baseline PV after
the training period. These responses indicated that two
weeks of endurance training under hot conditions improved
thermoregulatory function. The majority of previous studies
have established that several days (5-14 days) of endurance
training under hot conditions causes thermoregulatory adap-
tations, including lower core temperature and PV expansion
(Tyler et al. 2016; Périard et al. 2015, 2016), which were
consistent with the present findings. However, thermoregula-
tory adaptations after the training period in the HOT group
were modest compared with previous studies that have used
a greater heat stress (i.e., higher environmental temperature)
during training sessions (Lorenzo et al. 2010; Neal et al.
2016; Travers et al. 2020). Indeed, the peak T during train-
ing sessions in the HOT group was 38.30 °C +0.32 °C (CON
group: 37.96 °C +0.12 °C) in the present study, which was
lower than in previous studies (e.g., T,.. > 38.5 °C). Moreo-
ver, although previous studies demonstrated that HA train-
ing induced a greater reduction of HR and increased the
sweating rate during exercise under hot conditions compared
to the same training under neutral conditions (Périard et al.
2015, 2016), we found no such changes after the training
period in the HOT group in the present study.

Before the training period, plasma IL-6 concentrations
increased significantly immediately after HST in both
groups. However, exercise-induced IL-6 elevation was atten-
uated after the training period in both groups in compari-
son with the pre-training period. The results of the present
study may reflect modifications of energy metabolism and
inflammatory response during HST, probably mediated by
improved aerobic capacity and anti-inflammatory function
independent of environmental temperature during training
sessions. Unfortunately, we did not evaluate VO, . after the
training period. However, HR during exercise decreased sig-
nificantly after the training period in both groups, suggesting
that relative exercise intensity during HST after the training
period was lower than before the training period potentially
due to increased aerobic capacity in both groups. In this
regard, reduction of exercise-induced IL-6 elevation follow-
ing the training period did not differ significantly between
the two groups. Elevation in plasma IL-6 post-exercise
mainly reflects augmented muscle-derived IL-6 production
(muscle glycogen utilization), which plays a role in activat-
ing signaling in adipose tissue and the liver, thereby facili-
tating lipolysis and gluconeogenesis (Pedersen et al. 2001).
Although muscle glycogen utilization was not evaluated in
the present study, considering that post-exercise blood lac-
tate elevation was comparable between the HOT and CON
groups after the training period, muscle glycogen utilization
during HST would not be likely to differ markedly between
the two groups. Therefore, the effects of exercise training on
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muscle metabolism would be comparable between the HOT
and CON groups, which may explain the lack of difference
in exercise-induced IL-6 elevation between the two groups.

As shown above, the exercise-induced plasma IL-6 eleva-
tion was attenuated after the training period in both groups.
Therefore, we expected a reduction in exercise-induced
serum hepcidin elevations following the training period,
because exercise-induced IL-6 elevation increases the
blood hepcidin concentration (Nemeth et al. 2004a; Peeling
et al. 2009a). In contrast, the present findings do not show
a change in hepcidin activity in line with changes in IL-6,
a result that is similar to some previously reported studies
(McKay et al. 2019, 2021). McKay et al. (2019) investigated
the impact of acute low CHO ingestion on post-exercise
IL-6 and hepcidin responses. They showed that low CHO
ingestion before and during endurance exercise augmented
exercise-induced plasma IL-6 elevation compared to high
CHO ingestion. However, augmented IL-6 elevation by low
CHO ingestion did not exacerbate post-exercise serum hep-
cidin concentrations. Similarly, endurance exercise under hot
conditions (35 °C) caused greater plasma IL-6 concentra-
tions immediately after exercise compared to same exercise
under cool conditions (18 °C), with no difference in hepcidin
elevation during the post-exercise period between the two
trials (McKay et al. 2021). In the present study, HA (i.e.,
endurance training under hot conditions) did not attenu-
ate exercise-induced hepcidin elevations compared to the
same training under cool conditions. This is not surprising
based on the previous findings that hepcidin response after
a single session of exercise did not differ between hot condi-
tion and neutral condition (McKay et al. 2021; Zheng et al.
2021). Exercise-induced upregulation of hepcidin may be
due to several factors, including hemolysis (Peeling et al.
2009b), higher blood iron and ferritin levels (Peeling et al.
2014), negative energy balance (Badenhorst et al. 2019;
Hennigar et al. 2021), and lower muscle and liver glyco-
gen contents (Vecchi et al. 2014; Hennigar et al. 2021). In
the present study, the HOT and CON groups both showed
high serum iron concentrations after the HST both before
and after the training period, which could be explained by
increased hemolysis rather than increased iron stores in the
body (Buchman et al. 1998). Since blood iron concentra-
tion plays an important role in regulating hepcidin activ-
ity, the increases in serum iron concentrations associated
with HST observed in both groups after the training period
may have contributed to the similar elevations in hepcidin
concentrations (Peeling et al. 2009b). On the other hand,
baseline blood ferritin concentrations also affect exercise-
induced blood hepcidin elevation. After the training period,
baseline serum ferritin concentrations decreased in both
groups, while post-exercise serum hepcidin concentrations
did not decrease. In the present study, all subjects were iron-
sufficient (i.e., baseline ferritin concentrations > 100 ng/mL),

@ Springer

presenting with high serum ferritin concentrations after the
training period (i.e.,> 80 ng/mL), which may have prevented
any reductions in hepcidin after the training period. Thus,
exercise-induced hepcidin elevation might not be blunted
after the training period.

The present study had some limitations. First, the sam-
ple size was relatively small (HOT: n=8; CON: n=7). The
sample size was comparable to previous studies, which
determined thermoregulatory (Travers et al. 2020) or hep-
cidin responses to endurance training (Ishibashi et al. 2020;
Ziigel et al. 2020). Moreover, inter-individual variations in
the respective parameters (i.e., serum hepcidin concentra-
tions, Fig. 2) were small. However, further determination
with increased number of endurance athletes may be valu-
able. Second, heat stress during all training sessions in the
HOT groups appeared to be modest compared with previ-
ous studies (Lorenzo et al. 2010; Neal et al. 2016; Travers
et al. 2020), because ambient temperature was set at 35 °C in
the HOT group. In contrast, many previous studies utilized
38-40 °C to produce heat stress during the HA protocol
(Lorenzo et al. 2010; Neal et al. 2016; Travers et al. 2020).
This may be a reason why the HA was modest in the HOT
group. Thus, further research is needed to investigate the
exercise-induced hepcidin elevation after HA when utiliz-
ing greater heat stress (e.g., 38—40 °C) during HA protocols.
Finally, the findings of the present study may be specific to
iron-sufficient subjects (i.e., ferritin > 60 ng/mL). As hepci-
din responses following exercise have been suggested to be
influenced by iron status (Peeling et al. 2014), the impact
of hepcidin responses to endurance training under hot con-
ditions should be clarified in such populations (e.g., ferri-
tin < 20-30 ng/mL). Moreover, we did not evaluate blood
ferritin concentrations after HST, which affect post-exercise
blood hepcidin concentrations.

Conclusion

10 days of endurance training under hot conditions improved
thermoregulation, whereas endurance exercise-induced
hepcidin elevation under hot conditions was not attenuated
compared to before the training period. The present find-
ings suggest that short-term HA training under hot condi-
tions does not affect iron metabolism, at least in terms of
hepcidin activity. Therefore, endurance training under hot
conditions can improve thermoregulatory capacity and
endurance capacity (Lorenzo et al. 2010; Tyler et al. 2016;
Saunders et al. 2019; Waldron et al. 2021) without affecting
iron metabolism.
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